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PREFACE 



Vttth power dCBande Inereaalng and natural power sources decreasing 
It beooaes more and more essential to attain maxlmm efficiency in the 
conversion of fuel into useable power. The advent of controlled 
nuclear power, with its present and future applications to industrial 
use and as a source of propulsion power, has again stressed the fact 
that steam will, in all probability, remain the primary means of 
transmitting heat energy into useful work. 

In view of the foregoing, the attainment of higher thermal ef- 
ficiencies in the use of steam and water as transfer media becomes 
inox^aslngly more important. 

The author, during his course of instruction at the Ihiited States 
Naval Postgraduate School, was made aware of these facts and also of 
the lack of adequate data on local or point film heat transfer co- 
efficients as applied to two^phase flow of steam acid water. 

Investigations of the subject of film heat transfer coefficients 
as applied to two-phase flow of steam-water were carried out at the 
Ihilted States Naval Postgraduate School in 1953 by Fisher and King (6) 
and In 1954 by Davis and Doaosek (4)* These two investigations 
produced pertinent reavilts and, with the encouragement of Professor 
E. E. Drucker, the author attempted to amplify and extend the range 
of data previously obtained in order to correlate optimum coefficients 
with quality of steam. 

The experimental work of this thesis was carried out at the 
United States Naval Postgraduate School from March to May of 1955* 
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CHAPTER I 



INTRODUCTION 

V' 

Two-phase flow occurs in a wide range of applications in both 
forced and natural circulation flow. Despite this wide application, 
the basic heat-transfer and flxiid-flow phenomena are not yet fully 
understood due to the large number of variables \dilch must be incorp- 
orated in the anlysls. 

In view of the increasing need for higher thermal efficiencies, 
it is felt that some re-evaluation of equipment design as it relates 
to heat transfer may bring about needed improvement. Accordingly, 
the need for investigation of the associated heat transfer variables 
is self-evident. 

The objective of this thesis was to Investigate the variation 
of the film heat ti?ansfer coefficient as associated idth moisture 
content, mass velocity and heat flux. Primarily, the investigation 
was concerned with the variation of the film coefficient over a full 
range of moisture content; the .other aforementioned variables being 
constant. Data was obtained for steam with a quality of 13 % to 8O5C 
at a mass rate of 1270 pounds per hour and constant heat input. Time 
and equipment limitations were limiting factors in preventing further 
investigation at the lower and higher moisture content ranges. Time 
was also a limiting factor in the investigation of the coefficient 
variation with the mass velocity and heat flux variables. However, 
some data were obtained which may show a trend as related to these 
last two variables. 
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A secondary objective of this investigation was the visual 
observation of the tvo-phase flow phenomena and their correlation 
with assoolated heat transfer. These observations were carried out 
In conjunction with the primary objective* 

The results of this Investigation are presented as a function 
of moisture content of the two-phase mixture. Heat transfer coef- 
ficients relating to forced convection are usually correlated with 
respect to the local Nusselt, Reynolds and Prandtl numbers* Such 
correlation, however, is Invariably for single phase flow and the lack 
of data on values of density, viscosity emd thermal conductivity of 
wet steam precluded the computation of the above dimensionless 
quantities* 
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CHAPTER II 



TWO-PHASE FLOW 



Heat transfer In two-phase flow is important not only in vapor- 
ization phenomena inside tubeS| but in many other applications as 
well* 

While many data have been collected and published for vaporization 
inside tubes, very little seems to have been published with respect 
to the gas-liquid systems. From the work of McAdams and others (8), 
(9), tAo report local overall coefficients of heat transfer on 
vaporization inside tubes, it became apparent that in the preheating 
section, that is, before the actual boiling section, the film coef- 
ficient was usually higher than would follow from the Niisselt relation 
for single-phase flow in forced convection through a tube: 

Nu = 0.024Re°*®Pr°*^ 

This was presumed to be due to the fact that some vapor bubbles were 
formed in the preheating section and acted to decrease the thickness 
of the film and disrupt it locally and, upon moving into the stream, 
they condensed, thereby giving up their heat of condensation) the over- 
all effect being to increase the film coefficient of heat transfer. 

From this it seems that a sound Emalysls of boiling inside tubes 
Involves consideration of the variation in local conditions along 
the tube, Inclttding the relative fractions of vapor and liquid. 

Several studies have now been reported for two-phase mlxttires 
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of gas and liquid. Toder and Dodge (12) measured film ooeffioients 
of Freon-12 boiling in a ▼ertioal tube and fotmd a rery significant 
change in the film coefficient with change in vapor content. Versohoor 
and Stemerdlng (11 )> in an air-water investigation, repoirted that 
the film coefficient reached a maximum at the change over from slug 
to annular flow. Bergelin (2) reported that if a gas and a liquid 
pass simultaneously in upward flow through a vertical tube then, as 
the gas 'liquid ratio is increased, the following three flow pictures 
can be distinguished. 

(a) bubble flow, when gas bubbles pass individually 
through the tube. 

(b) slug flow, when alternatively slugs of gas and liqiild 
pass through the tube, and 

(c) annular flow, characterized by the fact that the liquid 
flows in an annulus along the tube wall, while the gas 
passes at a much hl^er velocity through the center of 
the tube. 

Fisher and King (6) and others (4), (5) in reporting on high 

quality steam mixtures showed a marked increase in the local heat 

*' 

transfer coefficient as the moist\ire content increased. 
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CHAPTER III 



BQUirMUIT 

The eMperlmental layout presented In the sehematlo diagram of 
Figure 1 vas designed after taking into account the equipment limita- 
tions of past investigations, (4) and (6). A portion of the system 
may be seen in the photograph of Figure 2. 

The equipment consisted essentially of a flow systmn in uhieh 
steam vas taken frcmi a main steam line, 'through a throttling valve, 
a Centriflx Separator, passed vertically downward throu^ 15 feet 
of 1-J- inch piping and then vertically upward to the test section. 
Saturated water was spray Injeoted into the steam on the lower end 
of the upward flow section lAlch continued as 1-^ inch pipe for eight 
feet. The purpose of this loop was to give the steam-water mixture 
a long strai^t path, prior to entering the test section, in order 
to achieve eqoillibrium. 

After passing upward through the eight feet of 1"^ inch pipe the 
flow channel was reduced to one*4ialf inch diameter and the flow 
continued upward through three feet of flexible metal hose, a sl^t 
section to observe flow charaoteidstlcs, another three feet of 
flexible metal hose and into the test section. The purpose of this 
flexible metal hose was to allow for expansion of the piping and 
dampen vibrations in order to prevent the test section from warping 
and the glass tube in the si^t section from breaking. 

At the exit of the test section the flow was reversed and passed 
vertically downward to a Centriflx Type RA separator. From the 
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steam outlet of the Cectriflx the separated steam was passed through 
a needle control valve to a Fisher and Porter Co* Series 50 Flowrator 
meter, through 16 feet of 3/4 inch pipe, 35 feet of 1-^ inch pipe, 7 
feet of 2 inch pipe and into a condenser operated at atmospheric 
pressure. This piping, \dilch had been previously Installed (4)» 
facilitated the attainment of mass rates up to 1500 pounds per hour 
through the test section. To prevent "spill-over" of water into 
the dry steam line of the separator, a small level tank and gage 
glass were installed in parallel with the separator, proper flow rate 
being maintained by a needle valve on the drain line. Immediately 
following this needle valve was mounted a Fisher and Porter Series 
700 flowrator Meter, After passing through the meter the water was 
discharged directly into the condenser. 

The moisture content of the steam was detemined by an Ellison 
U-Path Steam Calorimeter immediately following the separator. It 
was found that the moisture content of the steam reached a maximum 
of 1$ at an inlet moisture content of 86$. Below an inlet moisture 
content of 70$ the moisture content of the exit steam from the 
separator was found to be negligible. 

Steam supply came from a Babcock and Wilcox fM Boiler at an 
operating pressvire of 200 pslg. 

Water supply was effected by means of the condensate which was 
fed into a supply tank by means of the condenser condensate pump. 

This supply tank was mounted on an elevated platform in order to allow 
for future installation of a Duolite deionizer which was not available 
for this investigation. 



6 



Water was injected by means of a centrifugal vane type pump >diieh 
took auction trom the supply tank and discharged through a needle valve, 
two Sohutte and Koertlng Company Jet type steam heaters mounted in 
series and thence injected into the mixing line by means of spray 
noazle. The Jet type heaters were capable of heating up to 1100 
pounds of water per hour to satviratlon temperature, steam supply to 
the heaters being insufficient for higher rates. 

The test section, details of which are shown in Figure was 
manufactured from a tellurium-copper bar (99.35$ Cu, 0.65$ Te). 

This particvLlar composition was selected because of its improved 
machining properties over that of pure copper. 

Details of the thermocouple Installations are shown in Figure 4* 

The theraooouples Installed in the walls of the test section were 
constructed of No. 30 gauge copper-oonstantin wire. The thermooouple 
Junctions were welded in a mercury are and hand finished with fine 
emery to give a dimension of 0.015 inch between the tip of the bead 
and the Jxmction. A bare thermocouple Junction was projected into 
the center of the stream at either end of the test section. Pressure 
taps were made as shown in Figure 3* 

Heat supply to the test section consisted of four independent 
heating elements containing 68 feet of No. 17 Niohrome V wire wound 
aroxmd each of the four sections in a single layer. Each heating 
element completely covered each 6 inch section. A thin layer of mica 
was wrapped aroxmd the bare metal cylinder prior to \dnding the wire. 
Poiwr supply to the heaters volB controlled by fovir two-gang Variac 
assemblies and measured by portable wattmeters. 
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Heat ins\d.atlon of the test section consisted of vrrapping several 
layers of glass tape on the outside of the heating coils , covering 
this with three layers of asbestos tape, fitting a 2 ^ inch layer of 
magnesia brick over this and covering the whole with one-4ialf inch 
of vet magnesia mix. The Centriflx and all piping up to the steam 
flow meter were similarly insulated. Heat loss was considered 
negligible through this Insulation. 

All components of the system were constructed, as far as vas 
practicable, of non-ferrous materials. 
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CHAPTER IV 



OPERATING PROCEDURE 

At the end of each operating period, the system was drained 
and left in a dry condition in order to prevent aocmulation of 
impurities. Prior to each day's operations, the system vae flushed 
with dry steam and allowed to drain, after which, the supply tank was 
filled with clean water ft'om accumulated condensate. This complete 
operation required approximately two hours. 

The operating variables associated with the apparatus were 
pressure, heat flux, flow rate and moisture content. The inlet 
pressure to the test section was maintained constant at 150 psig for 
all runs. The heat input per heater was limited to 1.5 KW for all 
but two runs. 

A total of 27 runs were made, of vdilch, 25 were considered to be 
satisfactory. All but four runs were made at a constant mass rate of 
1270 pounds per hour with am average variation of 5 po\mds per hour. 

The establishment of proper flow rates and moisture content was 
facilitated by the use of the flowrator meters. However, very 
delicate adjustment of the control valves was required in order to 
maintain the proper flow rates of both the steam and the water. 

The approach to steady-state conditions was determined by noting 
the change in the millivolt readings of the themoeouples in the 
wall of the test section. It normally took 30 minutes for these 
readings to become steady after the system had been warmed up azul 
the proper flow rate and moisture content had become steady. The 
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overall time required to make one run was approximately 2 hovirs. 

It was found, due to insufficient steam supply to the Jet heaters, 
that moisture content variations greater than 86^ were Impracticable 
at the high flow rate selected for the majority of the runs. It was 
also found that moisture content variations below 20^ were impractic- 
able due to the Inherent flow capacity of the water flowrator meter. 

A change was later made In the drain line of the Centrlflx separator 
to allow the use of a vel^ tank In determining these lower moisture 
contents. However, the limited time available precluded the procure- 
ment of this datSo 

For each run, theimooouple millivolt readings, pressvire and 
presB\ire drops, flow rates and heat Input were recorded. 

Standard Fisher and Porter Company correction curves wore used 
in determining the true flow rates through the flowrator meters. 
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CHAPTER V 



METHOD OF 'CALCULATION 

The film heat transfer coefficient, h, is defined as the pro- 
portionality factor in Newton's law of cooling; 

dq » hdA(tg - t) 

^ere dq is the local rate of heat transfer through a surface element 
dA. 

In this investigation, heat loss was assmed to be negligible 
and the total heat generated in the heating colls was assmed to be 
transferred to the fluid. The rate of energy supplied was measured 
by means of wattmeters. 

The themooouples in the test section wall were calibrated by 
passing dry steam through the test section with no heat input and 
allowing the system to reach equilibrium. This calibration is shown 
in Figure 5, 

lUQowing the temperature at the thermocouple Junctions, the 
s\irface temperature, tg, was determined by using the Fourier oondtietion 
equation for steady state heat transmission t 

q r - kA ^ 
dx 

For the circular tube, this eqmtion was Integrated to give: 

^TTKLAT 
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The coefficient of thermal conductivity, k, vae extrapolated 
from the temperature variation curve for pure copper knowing the 
value of k for the test section at a specified temperature. For a 
power input of 1,5 KW per coll, the temperature drop due to conduction 
was calculated to be 2.60®F, 

Owing to the construction of the test section and to allow for 
end effects, it was decided to average the themocouple values of 
the two center sections of the test section in obtaining one average 
surface temperature, t., for these two sections. The maximum variation 
in these thermocouple readings seldom exceeded 0.5^. 

It was determined, at the mass velocities and rate of heat- ^ 
transfer used, that any change in moisture content of the mixture 
^lle passing through the test section was negligible. It was also 
determined that any change in moisture content between the test 
section and flow meters was negligible. Accordingly, the moisture 
content and mass rate of flow were detennlned from the corrected 
readings of the flow meters. 

The temperature and pressure of the stream were measxired at the 
entrance to the test section, with pressure drops along the test 
section being measured throu^ means of a differential manometer. 

The temperature of the steam at the point for vdilch the average 
surface temperatvire, t^, was calculated was, therefore, determined 
by applying the pressure drop to the corresponding saturation pressure 
Indicated by entrance temperature. 

The temperature dlffeiance, as indicated in the convection 
equation, varied from 6,91°? to 17.32°F, depending on the moistxire 
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content, mass velocity, and heat input 
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CHAPTER VI 



CCJNCLOSIONS AND RESULTS 

Twenty HBeven nine were made^ of %diloh 25 were considered to be 
sueoeseful. The remaining two runs were eliminated because the data 
indicated that steady state conditions had not yet been reached. 

The data for the heat transfer coefficient as a function of the 
peroent moisture are shown in Figure 6. This figvire shows one 
continuous curve for a single mass velocity fran 19 * 9 % to 86,9$ 
molstxire. The Kusselt relation for single-phase flow was used in 
calculating the coefficient for satxirated water at this mass velocity 
and shows very good agreement with extrapolation of the curve from 
86,9$ to 100$ moisture. Data are also shown in the figure for varia- 
tion of the heat transfer coefficient with mass velocity at 50$ 
moisture, also shown in Figure 7, and with heat input at 38$ moistxireo 
Data taken from the faired-in cvurves presented by Fisher and 
King (6) are also shown in Figure 6, Any correlation of the two 
sets of data would indicate an optimum heat transfer ooeffiolent 
falling in the range of 7$ to 20$ moisture content, depending on the 
mass velocity, with heat input showing relatively s m a ll effect. 

It could be presmed from the data as presented in Figure 6 
that, for any given moisture content, the heat transfer coefficient 
would vary invewely with maos- velooity at the lower moisture contents 
on one side of the optimum and direotly with the maos velocity at the 
hl^er moist\ire contents on the other side of the optimum. This 
could possibly give rise to a family of peaks within a narrow range 
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of optlBum heat tracefer ooefflolente and moisture content. However, 
suoh a presumption, without further verification, could not 
considered reliable. 

Figure 8 shows the variation of the pressure drop component with 
percent moisture. Search of existing published data showed nothing 
in this range, making a comparison impossible. However, Dengler 
(5) shows a sharp rise in the pressure drop component in the range 
3$ to 1056 vapor by wel^t. 

Figure 9 shows the correlation of the type of flow visually 
observed as related to heat transfer coefficient versus percent 
moist\ire content. The types of flow observed In the range of 20^ 
to 87% molstxire werei 

(a) well mixed fog flow with no anntdar flow observed up 
to approximately 30% moisture conient. 

(b) well mixed fog flow with a sll^t anniilar flow 
beginning at approximately 30% molstiire jsontent. 

(c) well mixed fog flow and light annular flow with 
an occasiozmil more dense fog mixture In the same 
pattern as solid slug flow beginning at approximately 
40% moisture. 

(d) medlim annular flow with a decrease In the fog 
density in the center of the channel. Fog slugs 
absent beginning at approximately 55% moisture. 

(e) heavy annular flow at 58% moisture. Fog flow not 
noticeable . 

(f ) very heavy turbulent annular flow beginning at 
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approxlmatel 7 (> 5 % Boistxire. Breaking into 
ooeaalonal alug. 

(g) slug flow beginning at 68$ noisture. 

It vlU be observed from Figure 9 that scn&e correlation may be 
made between the slop>e of the curve and the change In the type of 
flow. It Is felt that further Investigation of this phenomena is 
warranted In regard to correlation of heat transfer coefficient^ mass 
velocity and percent moisture. 

The results of this Investigation tend to show the exlstance of 
an optimum heat transfer coefficient in a narrow range of moisture 
content for a given mass velocity. Further investigation is certainly 
Justified in regard to possible improved design of heat transfer 
equipment. 
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